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T h e ne w e ngl a nd jou r na l o f m e dic i ne In this issue of the Journal, Fong et al. report the results of a phase 1 trial of a new cancer therapy involving 60 patients (ClinicalTrials.gov number, NCT00516373). 1 Readers may be surprised by the editors' decision to publish a small early-stage trial, but this trial not only reports important results -it also points to a new direction in the development of anticancer drugs. Modern cancerdrug discovery focuses on finding new therapies with few side effects by leveraging advances in the understanding of cancer biology, but barriers to success are substantial. The story behind the report by Fong et al. demonstrates one way forward.
Creating drugs that selectively kill cancer cells without harming normal cells is notoriously difficult for several reasons. First, oncogenes that are overexpressed in cancer cells are usually identical to, or mutated in ways that make them only subtly different from, their normal counterparts. For this reason, the development of treatment specifically targeting oncogenes in tumors is difficult. Furthermore, the products of tumor-suppressor genes with low or absent activity in tumors as a result of mutation are elusive pharmacologic targets -it is hard to restore an absent activity pharmacologically.
To circumvent these difficulties, the idea was advanced that synthetic lethality might be useful in cancer-drug discovery. 2 Two genes are said to be in a synthetic lethal relationship if a mutation in either gene alone is not lethal but mutations in both cause the death of the cell. In applying synthetic lethality to the discovery of cancer drugs, a screening program is designed to reveal a target gene that, when mutated or chemically inhibited, kills cells that harbor a specific cancerrelated alteration, such as a mutated tumor-suppressor gene or an activated oncogene, but spares otherwise identical cells lacking the cancer-related alteration. 3 When the screening program detects a gene that, when inhibited, acts together with the abnormal cancer gene to kill cancer cells, synthetic lethality is confirmed. Such a gene can then be the target for developing an anticancer drug.
Two papers published together in 2005 4,5 showed how synthetic lethality could be applied to cells that are deficient in a DNA-repair pathway (Fig. 1) . These articles built on the observation that loss of activity of the enzyme poly(adenosine diphosphate [ADP]-ribose) polymerase 1 (PARP1) in normal cells induces high levels of DNA damage repair through the homologous-recombination pathway (i.e., the repair of breaks in doublestranded DNA with the use of homologous DNA sequences on an undamaged chromosome). 6 They hypothesized that deficient homologous recombination would be lethal to a cell lacking PARP1. BRCA1 and BRCA2 are tumor-suppressor genes that underlie high-penetrance, hereditary breast and ovarian carcinomas. The corresponding proteins are key participants in homologous recombination. As predicted by the hypothesis, smallmolecule inhibitors of PARP1 are toxic to cells deficient in BRCA1 or BRCA2, whereas cells in which BRCA1 or BRCA2 had been restored were less sensitive to the inhibitors, by orders of magnitude.
PARP1 activity is required for base-excision repair, a DNA-damage repair pathway that recognizes and eliminates DNA bases damaged by oxidation in a process that occurs thousands of times during each normal cell cycle. The interplay between base excision repair and homologous re-T h e ne w e ngl a nd jou r na l o f m e dic i ne combination may occur indirectly: in the absence of PARP1, oxidized bases accumulate, and replication forks, where DNA strands are being replicated during DNA synthesis and two new DNA strands are being created, are arrested at sites of the damaged DNA, eventually causing double-strand DNA breaks. Normally, homologous recombination repairs these breaks, but should this mechanism be unavailable, as is the case when BRCA1 or BRCA2 is absent, the cell dies.
Screening programs for other genes required to maintain cell viability in the absence of PARP1 activity support our understanding of the mechanism of the synthetic lethality resulting from PARP1 inhibition and BRCA1 or BRCA2 loss. These experiments have uncovered a number of genes required for homologous recombination that are synthetically lethal when combined with PARP inhibition. 7 Genes required for other DNArepair processes are also in a synthetic lethal relationship with PARP inhibition, 8 most likely because of the partially redundant nature of these processes. Furthermore, some checkpoint genes are synthetically lethal in combination with PARP inhibition, suggesting that normal checkpoint function (cell-cycle arrest caused by DNA damage) is critical to allow for time to repair DNA in the absence of PARP activity. 9 Patients with hereditary breast or ovarian carcinoma are perfect candidates for treatment with PARP inhibitors, since such patients are heterozygous for mutations in BRCA1 or BRCA2 and thus have preserved homologous recombination in their somatic cells, whereas their tumors have lost the remaining wild-type copy of BRCA1 or BRCA2 and are therefore deficient in homologous recombination. There are almost certainly other tumors with defects in homologous recombination that should make them targets for PARP inhibitor therapy -the challenge is to identify them. One such tumor type may be sporadic basal-like breast cancer, which has a number of similarities to BRCA1-deficient breast cancer, suggesting that it may have decreased BRCA1 levels or some other defect in the BRCA1 pathway. Cisplatin is a cytotoxic agent with some specificity against cells with defective homologous recombination; the fact that some basal-like breast cancers are sensitive to cisplatin 10 indicates that they may be candidates for PARP-inhibition therapy. In normal cells, both base-excision repair and homologous recombination are available for the repair of damaged DNA (Panel A). In cells that have lost either BRCA1 or BRCA2 (e.g., cancer cells in carriers of a BRCA1 or BRCA2 mutation), homologous recombination is nonfunctional, and base-excision repair and other DNA-repair processes can compensate for the loss of homologous recombination (Panel B). In cells that have lost base-excision repair function because of PARP1 inhibition but retain at least one functioning copy of BRCA1 and BRCA2 (e.g., normal cells in carriers of a BRCA1 or BRCA2 mutation), homologous recombination is intact and can repair DNA damage, including damage left unrepaired because of the loss of base-excision repair (Panel C). In the cancer cells of mutation carriers, all BRCA1 or BRCA2 function is absent, and when PARP1 is inhibited, cancer cells are unable to repair DNA damage by homologous recombination or base-excision repair, and cell death results.
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ovarian, and prostate cancers in response to an oral PARP inhibitor; no activity was seen outside BRCA1-or BRCA2-defective tumors. 1 This observation should not discourage a search for other tumor types with vulnerability to PARP inhibition; the number of patients in this trial is too small to draw any conclusions about other cancers. Basal-like breast cancer, for example, accounts for approximately 15% of all breast cancer, and it is entirely possible that with just six cases of non-BRCA1 or non-BRCA2 breast cancer in this study, no tumors of this subtype were represented. New therapies bring new challenges into focus, and PARP inhibitors will be no exception. Resistance to cisplatin and related compounds in ovarian cancer arising in carriers of mutant BRCA1 or BRCA2 can be caused by reversion of the mutated BRCA1 or BRCA2 allele, thereby restoring homologous recombination. In addition, BRCA2 reversion in cell culture causes resistance to PARP inhibition. 11-13 These findings strongly suggest that PARP inhibition alone may not be sufficient to control metastatic disease. Now that we have treatments that target a specific molecule, we can see in sharp focus the mechanisms of tumor escape. It is possible that conventional therapies fail in much the same manner, but since their targets are usually unclear, the molecular details of resistance are often hard to discern. Optimal treatment may require approaches to reduce the genetic complexity of a tumor and avert the emergence of resistance, such as concurrent use of multiple therapies that do not share resistance mechanisms, or debulking to the maximum extent possible by means of surgery or conventional therapies before a targeted agent is used.
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